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Abstract
Environmental heterogeneity is common in nature. Clonal integration is an important trait that allows
clonal plants to grow in resource-heterogeneous environments. The aim of this work was to study the
effects of clonal integration on the growth and propagation of two root-suckering plant species under
water-heterogeneous conditions and to elucidate their adaptive strategy to water stress. Two root-
suckering plants of the genus Brassicaceae, Rorippa amphibia and Rorippa sylvestris, have invaded
Liaoning Province, China. The greenhouse pot experiments were performed in the research center of the
Shenyang Agricultural University. Mother and daughter fragments collected from these two plants were
grown under either well-watered or water-limited conditions to mimic the homogeneous and
heterogeneous water condition. Morphological traits (root-shoot ratio, the number of new shoots, etc.)
and the biomass of mother and daughter fragments were measured. The results showed that clonal
integration did not occur under water-homogeneous conditions. However, under water-heterogeneous
conditions, clonal integration transported the resources from resource-rich environments to resource-
de�cient environments. When the resources were re-allocated, clonal integration increased the root-shoot
ratio and the number of new shoots on daughter fragments, which facilitated the spread of the plants. At
low water availability, R. sylvestris had higher root-shoot ratios and more new shoots on daughter
fragments than R. amphibia, suggesting that R. sylvestris had higher invasibility than R. amphibia. The
�ndings enhanced our understanding of how clonal integration facilitates the invasion of root-suckering
plants in resource-heterogeneous environments and provided insights into management measures for
invasive alien species.

Introduction
It is well known that biological invasion has become a serious global problem which causes great
damage to native ecosystems (Callaway and Aschehoug, 2000; Rejmánek and Marcel, 2015; Richardson
et al., 2000; Van Kleunen et al., 2010, Van Kleunen et al., 2015). Clonal plants play an important role in
biological invasion. Among 2670 invasive plant species originating from Central Europe, 66.5% (about
2000 plant species) have clonal life-history traits (Klimes et al., 1997). In China, 196 out of 515 recorded
invasive plant species are clonal plants (Wang et al., 2016a), and 49.2% of 315 plant species distributed
in Northeast China are clonal plants (Song and Dong, 2002; Song et al., 2001). In general, the most
important trait associated with clonal growth is clonal integration, which is an ability of clonal plants to
transport the substances and/or signals between connected ramets to adjust and adapt to various
environmental stress (Dong and Yu, 2007). Clonal integration can increase the growth and propagation of
connected ramets, either individually or as a whole, and promote the spread of clonal ramets from
original habitats where the seeds are planted (Alpert, 1999; Hartnett and Bazzaz, 1983; Roiloa and
Retuerto, 2006; Slade and Hutchings, 1987; Saitoh et al., 2002). Since clonal integration might be
associated with the adaptability of invasive plants to the environment, it is of great importance to
elucidate the relationship between clonal integration and adaptability of invasive plants in the early stage
of invasion.
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To successfully invade new habitats, clonal plants have to cope with the heterogeneity in environmental
resources such as light, nutrients, water, etc. (You et al., 2016; Wang et al., 2017; Chen et al., 2018). The
adaptive strategy of clonal plants to environmental heterogeneity has always been one of the hot topics
in the �eld of biological invasion. Clonal integration could enable clonal plants to share the products of
photosynthesis, mineral nutrient, or water between ramets, thereby increasing the survival and growth of
individual ramets when they experience different conditions (Alpert, 1996; Hutchings & Wijesinghe, 1997;
Dong et al., 2015; Lyu et al., 2016; Shi et al., 2021). For example, when some ramets are damaged or
restricted by regional environmental stress, unaffected ramets could help these ramets survive or escape
from adverse habitats through translocation of resources among connected ramets (Hellström et al.,
2006; Wang et al., 2009; Lyu et al., 2016). In heterogeneous environments, clonal integration can improve
the performance of mother and daughter ramets in Wedelia trilobata, a typical invasive clonal plant, to
facilitate their invasion into waterlogged areas (Saptiningsih et al.,2018). In homogeneous environments,
however, clonal integration has different effects on the growth of clonal plants. For example, clonal
integration enhances the growth of the aboveground parts of connected ramets of a clonal weed
Alternanthera philoxeroides and increase their resistance to pathogenic fungi (Qi et al., 2017), but it does
not affect the growth of the other invasive plant Phalaris arundinacea treated with homogeneous
simulated herbivory (Yu et al., 2018). Therefore, it is necessary to understand the adaptive strategy of
invasive clonal plants in either homogeneous or heterogeneous environments.

In China, the most dangerous invasive plants are clonal plants, such as Mikania micrantha, Alternanthera
philoxeroides, Spartina alterni�ora, Eupatorium adenophora, and so on. Recent studies mainly focus on
clonal plants with rhizomes and stolons, but little is known about clonal plants with root suckers. In
clonal plants with root suckers, adventitious buds on the roots of parent plants may grow and spread to
form new colonies (Alpert, 1996; Li et al., 2011; Peng et al., 2014). As for clonal plants with root suckers,
the number of ramets that can produce aboveground shoots from adventitious buds on the roots is a key
factor for clonal growth, distribution pattern and population size of new ramets (Zheng et al., 2019). The
current knowledge about clonal integration in plants with rhizomes and stolons is not su�cient to
completely elucidate the mechanisms underlying the invasion of clonal plants with root suckers.

R. amphibia and R. sylvestris, belonging to the family Brassicaceae Burnett (Cruciferae), are perennial
herbaceous plants, which propagate primarily by root suckering. These two plants prefer a humid
environment and are tolerant to waterlogging. In Liaoning province, they are �rst found in lawns, probably
introduced via the horticulture trade. These plants have spread rapidly in recent years, formed patchy
distributions and become the dominant plant species in lawns, which creates challenges for the
maintenance and management of lawns (Zhang et al., 2009; Wang et al., 2016b; Miao et al., 2019). At the
same time, improper irrigation might lead to the spatial heterogeneity of soil moisture in lawns. Therefore,
understanding the mechanism by which clonal integration in�uences the spread of clonal plants with
root suckers in water-heterogeneous environment is necessary.

Materials And Methods
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Collection and cultivation of fragments of two plants

In late April of 2019, the ramets of R. amphibia and R. sylvestris (500 ramets per species) were collected
from green belts on the campus of Shenyang Agricultural University, and the subsequent experiments
were conducted in the greenhouse of the Department of Biology at Shenyang Agricultural University. Each
ramet had 4–5 leaves. All roots of each ramet were removed, and only the leaves and the base of the root
remained. The ramets were planted in plastic pots (13 cm in diameter and 12 cm in height) �lled with
sandy loam soil purchased from a local market. After 40 days of culture, the length of the adventitious
roots was about 20 cm, and there were still no new ramets on adventitious roots. The fragments with
similar-sized roots were selected for the subsequent experiments. Root fragments at 10 cm from the base
of the ramet were used as mother fragments, and the remaining fragments of 10–20 cm in length were
used as daughter fragments. Mother and daughter fragments were separately planted in plastic pots (16
cm in diameter and 16 cm in height) containing 1 kg sandy loam soil, one fragment per pot.

Experimental design

The experimental design is schematically illustrated in Fig. 1. In this study, a total of 48 pairs of mother
and daughter fragments were planted, and they were divided into 6 groups, 8 pairs per group. Among
them, 16 pairs in two groups were severed to prevent the occurrence of clonal integration between mother
and daughter fragments, and others remained connected. After planting, all pots were watered once with
400 ml of water per pot for recovery. After 1 week of recovery growth, daughter and mother fragments
were subjected to either high water availability or low water availability. At high water availability, each
pot was watered with 200 mL water every 2 days, and at low water availability, each pot was watered with
100 mL water every 4 days. So, 6 groups of paired mother and daughter fragments were grown under
either homogeneous or heterogeneous water conditions, including: connected daughter fragments at low
water availability and mother fragments at high water availability (LH), connected daughter and mother
fragments at low water availability (L1, 1: connected), disconnected daughter and mother fragments at
low water availability (L0, 0: disconnected), connected daughter fragments at high water availability and
mother fragments at low water availability (HL), connected daughter and mother fragments at high water
availability (H1, 1: connected), and disconnected daughter and mother fragments at high water
availability (H0, 0: disconnected). In addition, hand weeding and pest control were conducted throughout
the whole experiment.

Characterization of morphological traits and biomass allocation

At the end of the treatment, morphological traits of mother and daughter fragments, including plant
height, the number of new shoots, were measured. The above- and below-ground biomass of the
fragments were separately collected, dried (60℃, 60 hours), and weighed. The total biomass and root-
shoot ratio were also calculated.

Statistical analysis
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All data are presented as mean ± standard deviation (SD, n = 8). Data were analyzed using SPSS version
22.0 (SPSS, Inc., Chicago, IL, USA). Signi�cant differences among groups were analyzed using a one-way
ANOVA followed by Tukey’s multiple comparison test. Differences were considered statistically different
when a P value was less than 0.05.

Results
Effects of clonal integration on the biomass of mother and daughter fragments

Under homogeneous conditions, clonal integration did not affect the total biomass of daughter and
mother fragments in both R. amphibia and R. sylvestris. When daughter and mother fragments were
grown under homogeneous condition, no differences in total biomass were found between daughter
fragments connected to and severed from mother fragments (Fig. 2a and 2b). Similarly, no differences in
total biomass were found between mother fragments connected to and severed from daughter fragments
(Fig. 2c and 2d). By contrast, under water-heterogeneous conditions, clonal integration could remarkably
increase the total mass of both plants grown at low water availability. When mother fragments were
grown at high water availability, the total biomass was signi�cantly higher in connected daughter
fragments than disconnected daughter fragments which were grown at low water availability (Fig. 2a and
2b). Similarly, when daughter fragments were grown at high water availability, the total biomass was
signi�cantly higher in connected mother fragments than disconnected mother fragments grown at low
water availability (Fig. 2c and 2d). In addition, the increase in total biomass of daughter or mother
fragments at low water availability had no impact on total biomass of connected mother or daughter
fragments (Fig. 2). The results suggest that, under the water-heterogeneous condition, clonal integration
did not affect the total mass of fragments grown at high water availability but could increase the total
biomass of fragments grown at low water availability; the resources were always transported from the
resource-rich environment to the resource-de�cient environment.

Effects of clonal integration on biomass allocation (root-shoot ratio) of mother and daughter fragments

Under the water-homogeneous condition, clonal integration had no effect on the root-shoot ratio of
mother and daughter fragments grown at low water availability in both R. amphibia and R. sylvestris.

At low water availability, there were no differences in the root-shoot ratio between daughter fragments
connected to and severed from mother fragments (Fig. 3a and 3b). At high water availability, the root-
shoot ratio differed between mother fragments connected to and severed from daughter fragments in R.
amphibia, but no difference was found in R. sylvestris (Fig. 3c and 3d). Under the water-heterogeneous
condition, clonal integration signi�cantly affected the root-shoot ratio in both R. amphibia and R.
sylvestris. When daughter fragments were grown at low water availability and mother fragments were
grown at high water availability, the root-shoot ratio of connected daughter fragments was signi�cantly
higher than that of disconnected daughter fragments (Fig. 3a and 3b). The results suggest that clonal
integration could facilitate the allocation of the biomass in the root of daughter fragments in both plants.
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Effects of clonal integration on the number of new shoots on mother and daughter fragments

Under the water-homogeneous condition, clonal integration had a signi�cant impact on the number of
new shoots on daughter fragments grown at low water availability in both plants, as well as mother
fragments grown at high water availability. At low water availability, the number of new shoots was
signi�cantly higher in daughter fragments connected to mother fragments than those severed with
mother fragments in both plants (Fig. 4a). Similarly, at high water availability, the number of new shoots
was signi�cantly higher in daughter fragments connected to mother fragments than those severed with
mother fragments in both plants (Fig. 4b). However, at high water availability, the number of new shoots
was signi�cantly lower in mother fragments connected to daughter fragments than those severed with
daughter fragments in R. sylvestris (Fig. 4d). Under the water-heterogeneous condition, clonal integration
signi�cantly affected the number of new shoots on mother and daughter fragments in both plants. When
daughter fragments were grown at low water availability and mother fragments were grown at high water
availability, the number of new shoots on connected daughter fragments was signi�cantly higher than
that of disconnected daughter fragments (Fig. 4a and 4b).

Effects of clonal integration on the height of daughter and mother fragments

Under the water-homogeneous condition, clonal integration did not affect the height of daughter and
mother fragments in both R. sylvestris and R. amphibia. There was no difference in height between
daughter fragments connected to mother fragments and those severed with mother fragments in both
plants, as well as between mother fragments connected to daughter fragments and those severed with
daughter fragments (Fig. 5). Under the water-heterogeneous condition, clonal integration signi�cantly
decreased the height of daughter fragments grown at high water availability in R. sylvestris, but
signi�cantly increased the height of mother fragments grown at low water availability in R. amphibia. The
height of connected daughter fragments grown at high water availability was signi�cantly lower than that
of severed daughter fragments grown at low water availability in R. sylvestris (Fig. 5a), and the height of
connected mother fragments grown at low water availability was signi�cantly higher than that of severed
mother fragments grown at high water availability in R. amphibia (Fig. 5d).

Under the water-heterogeneous condition, clonal integration signi�cantly increased the biomass of clonal
segments at low water availability and facilitated the allocation of accumulated biomass toward the root
in daughter fragments at both high and low water availability. The results suggested that clonal
integration could improve the growth of both plants under the water-heterogeneous condition. When
daughter fragments connected to mother fragments, in R. sylvestris, the total biomass, root-shoot ratio
and the number of new shoots on daughter fragments grown at low water availability, the total biomass
and root-shoot ratio of daughter fragments grown at high water availability, the total biomass and root-
shoot ratio of mother fragments grown at low water availability, the root-shoot ratio of mother fragments
grown at high water availability, were signi�cantly higher than those in R. amphibia. These results
suggested that R, sylvestris had higher adaptability to the water-heterogeneous condition than R.
amphibian.
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Discussion
Recent studies have shown that the positive effects of clonal integration on the growth and propagation
of clonal plants were highly in�uenced by the direction of resource translocation within clonal fragments
(You et al., 2016; Zhu et al., 2017; Mao et al., 2009). In the water-heterogeneous environment, well-watered
ramets could translocate water to water-stressed ramets for resource sharing (Mao et al.,2009). In the
water-homogeneous environment, however, water was seldom transferred between the ramets
(Pauliukonis & Gough, 2004). Our results are consistent with these reports above. When daughter and
mother fragments were grown under the water-homogeneous condition, clonal integration did not affect
the total biomass. However, when daughter and mother fragments were grown under the water-
heterogeneous condition, the total biomass of clonal segments at low water availability increased
signi�cantly, possibly due to the translocation of resources from the fragments with high-level resources
to those with low-level resources through the connection between fragments. This indicated the
occurrence of clonal integration which allocated resources from clonal segments with high-level
resources to those with low-level resources. This result was consistent with the previous reports (Song et
al., 2013; Wang et al., 2017). On the other hand, slightly different from the report by Wang (Wang et al.,
2017), clonal integration did not signi�cantly increase the total biomass of the fragments grown at high
resource availability which connected to the fragments grown at low resource availability, possibly
because that, only when the growth of clonal segments in both plants at high resource availability was
not affected, resources could be translocated to clonal segments at low resource availability through
clonal integration.

In heterogeneous habitats, clonal integration could remarkably affect biomass allocation of clonal plants
(Wang et al., 2008; Yu et al., 2009; You et al., 2014; Huang et al., 2018). In this study, under the water-
heterogeneous condition, clonal integration increased the root-shoot ratio of daughter fragments in both
plants, decreased the root-shoot ratio of mother fragments in R. sylvestris at high water availability, but
had no effect on the root-shoot ratio of mother fragments in R. amphibia at high water availability. The
change in biomass allocation of daughter fragments in both plants is different from that found in
Alternanthera philoxeroides, a stoloniferous clonal plant (You et al., 2016). The difference might be
related to their different clonal forms. Both R. amphibia and R. sylvestris propagate through root suckers,
but Alternanthera philoxeroides propagates through stolons. Root suckering could increase the
belowground biomass of the fragments by allocating more biomass to the parts with more resources,
and it is a manifestation of functional specialization for abundant resource in clonal plants (Dong and
Yu, 2007). The results suggest that a specialized resource-acquiring structure for absorbing water has
been developed in daughter fragments, which could improve their growth and propagation to generate
more new ramets (Zheng et al.,2019;Sun et al., 2019). The number of new shoots generated by daughter
and mother fragments is a direct indicator of their reproductivity. Clonal integration could enhance the
sprout of new fragments in both root-sucking plants. Under low resource conditions, daughter fragments
generated more new shoots, which is really an adaptive strategy for plants in an adverse environment to
increase the ratio of propagule in order to reduce the risk of population extinction. Under high resource
condition, daughter fragments had more resources, and an increase in the number of new shoots could



Page 8/16

achieve the goal of propagation and spread. Mother fragments were not signi�cantly affected by clonal
integration. Moreover, under the normal condition without water stress, clonal integration even decreased
the number of new shoots produced by mother fragments in R. amphibia, possible because daughter and
mother fragments in both plants played different roles in the process of clonal integration, and daughter
fragments allocated more biomass in the root to produce more new shoots.

Clonal integration could facilitate daughter fragments of two clonal plants to increase the number of new
shoots in a resource-de�cient environment, which is one of the adaptive strategies of clonal plants
experiencing unfavorable environments to reduce the risk of population extinction. At the same time, in a
resource-rich environment, daughter fragments could utilize more resources to increase the number of
new shoots to propagate and spread. On the other hand, we found that clonal integration had no
signi�cant effects on mother fragments of two plants, and even reduced the number of new shoots on
mother fragments in R. sylvestris under the well-watered condition. The possible reason is that, when
clonal integration occurs, daughter and mother fragments in these two root-suckering plants showed the
division of labor in response to local growing conditions, and daughter fragments allocate more biomass
to the roots to produce more new shoots.

Plant height is one of the important traits of plant growth. Under the water-heterogeneous condition,
clonal integration could increase the plant height of daughter fragments in R. amphibia and mother
fragments in R. sylvestris when clonal segments of two plants were exposed to water stress. Under the
water stress condition, daughter fragments in R. amphibia transported the resources not only to the
belowground parts but also to the aboveground parts, which improved the growth of the aboveground
parts, thereby improving the growth of the whole clonal segment. This mechanism could also explain the
reason for the increase in plant height of mother fragments in R. sylvestris.

Conclusions
In terms of three indicators (total biomass, root-shoot ratio, and plant height), the present results
con�rmed the �rst hypothesis that clonal integration occurred between daughter and mother fragments
under the water-heterogeneous condition, rather than the water-homogeneous condition. Furthermore, the
results also supported the second hypothesis that, under the water-heterogeneous condition, the biomass
was allocated from the fragments with rich resources to those with de�cient resources, thereby increasing
the total biomass of daughter and mother fragments grown under resource-de�cient condition. Under
water-heterogeneous conditions, clonal integration could allocate more total biomass to the roots of
daughter fragments in both plants. The possible mechanism is that clonal plants with root-suckers could
generate many adventitious shoots on the roots, which increased the probability of producing new
shoots, eventually facilitating the propagation and spread of plant communities. Two plants had
differential ability to adapt to the water-heterogeneous environment, and R. sylvestris was more invasive
than R. amphibia in heterogeneous environments.
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Figures

Figure 1

Schematic diagram of the experimental design. Six groups of paired mother and daughter fragments
were grown under either homogeneous or heterogeneous water conditions, including: connected daughter
fragments at low water availability and mother fragments at high water availability (LH), connected
daughter and mother fragments at low water availability (L1, 1: connected), disconnected daughter and
mother fragments at low water availability (L0, 0: disconnected), connected daughter fragments at high
water availability and mother fragments at low water availability (HL), connected daughter and mother
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fragments at high water availability (H1, 1: connected), and disconnected daughter and mother
fragments at high water availability (H0, 0: disconnected)

Figure 2

Comparison of the total biomass of the ramets in two plants at high or low water availability. (a):
daughter fragments of R. amphibia; (b): daughter fragments of R. sylvestris; (c): mother fragments of R.
amphibia; and (d): mother fragments of R. sylvestris. Different lowercase letters indicate a signi�cant
difference between treatments (P < 0.05)
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Figure 3

Comparison of root-shoot ratios in two plants under different levels of water availability. (a): daughter
fragments of R. amphibia; (b): daughter fragments of R. sylvestris; (c): mother fragments of R. amphibia;
and (d): mother fragments of R. sylvestris. Different lowercase letters indicate a signi�cant difference
between treatments (P < 0.05)



Page 15/16

Figure 4

Comparison of the number of new fragments in two plants under different levels of water availability. (a):
daughter fragments of R. amphibia; (b): daughter fragments of R. sylvestris; (c): mother fragments of R.
amphibia; and (d): mother fragments of R. sylvestris. Different lowercase letters indicate a signi�cant
difference between treatments (P < 0.05)
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Figure 5

Comparison of the height of fragments in two plants under different levels of water availability. (a):
daughter fragments of R. amphibia; (b): daughter fragments of R. sylvestris; (c): mother fragments of R.
amphibia; and (d): mother fragments of R. sylvestris. Different lowercase letters indicate a signi�cant
difference between treatments (P < 0.05)


